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Abstract 
This paper deals with the development of an analytical model for simulating a polycrystalline Cu(In,Ga)Se2       
(CIGS)-based thin film solar cells by a CdS(n)/CIGS(p) heterojunction structure. Consequently, a link between the 
characteristics of this cell and the material parameters is established. This procedure would help improving the 
performances of the cell. We have been investigating over this work the contribution of the space charge region in the 
photocurrent density which seemed to be dominant in comparison to the neutral regions. However, the increases of 
the buffer layer thickness only reduce the cell performances. The optimum thickness of the absorber layer was about 
3 μm, a value from which the efficiency has no significant increase. The increase of the absorber bandgap reduces the 
optical absorption, which is reflected in the reduction of the photocurrent density. Accordingly the open circuit 
voltage increases as a result to the linear variation with the band gap. The compromise between these two phenomena 
would be a band gap of 1.55 eV which is the optimum value for obtaining a high efficiency of about 25%. All these 
optimization results give helpful indication for a feasible fabrication process. 
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1. Introduction
Solar cells are currently the subject of multiple investigations in order to reach the highest ratio
efficiency/cost. With a direct band gap, the absorber-layer of thin-film solar cells has a high optical
absorption coefficient which allows using absorbers of only a few microns thick. Among them, the 
polycrystalline Copper indium gallium diselenide Cu(In1-xGax)Se2 (CIGS) is one of the most promising
semiconductors materials of low cost, high efficiency thin-film solar cells. Furthermore, CIGS thin film 
solar exhibit a tunable band gap [1], excellent outdoor stability [2], radiation hardness [3] and it offers
specific power up to 919 W/Kg [4], the highest for any solar cell. Recently, (CIGS) thin film solar cell
with an active area of 0.5 cm2 exhibits the highest efficiency of 20.3% in the Centre of Solar Energy and
Hydrogen Research (ZSW) [5] and 19.9% in National Renewable Energy Laboratory (NREL) [6]. There
has been an extensive experimental research to improve the performance of these types of solar cells, and
many research groups across the world are working to enhance their electrical and optical properties by a
multitude of diverse deposition and characterization techniques. Several reviews are available dealing
with different aspects of CIGS solar cells can be found in textbooks [7–11]. Along with the experimental 
works, and with the remarkable development of computer tools, Solar cell modeling [12] has become
indispensable tool for analyzing the performance and optimizing the design of any kind of efficient solar
cells. Analytic models of solar cells have been used since the earliest days to achieve a clear 
understanding of the physics of these devices and to provide guidance for their design. By following an
analytical model, the simulation can be used to explore the effect of a variation of material parameters
(e.g. variation in a range of values) to the final solar cell characteristics in order to improve their
performances. In this article, examples of such simulation are shown for CIGS thin film solar cells.
2. Simulation model
2.1. Cell structure
The CIGS cell structure considered in this study consists of the following material layers: n-CdS and
p-CIGS absorber. Fig. 1 illustrates the dimensions and the different regions of this cell. Such as, w1 and w2
are the expressions of the width of the space charge region in each semiconductor given by [13]:
Absorber CIGS(p)Window CdS(n)
0 xn= xj xp x
w2
Fig. 1. Dimensions and different regions of : CdS(n)/CIGS(p) heterojunction
H'=H-xp
H
Neutral region
E=0 ; V=cst=Vp
Neutral region 
E=0 ; V=cst=Vn
wpwn
w1
Space charge region
E≠0 ;V≠cst
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Fig. 2. Approximation of solar spectral irradiance
wn and wp are the thicknesses of CdS and CIGS layers respectively. H is the width of the entire cell.
And : xn= xj = wn – w1 ; xp= xj + w1 + w2 ; H = wn + wp ; Hʹ = H - xp= wp - w2
Where: Vd is the diffusion potential given by [13]:
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Such as: ni2 is the intrinsic concentration of the P layer (CIGS) and Ut=KT/q ≈ 25 mV is the 
thermodynamic potential.
2.2. Optical properties
To be usable in the analytical calculation, the solar spectral irradiance on the ground is approximated
by a non linear function of the form:
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By varying all six parameters y0, O 0, A, t1, p, t2 and p while comparing to the real solar spectral
irradiance, we find the following expression, which fits it the best (See Fig. 2) :
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Solar flow F (λ) and the incident power Pi can be derived respectively from the analytical expression of 
solar spectral irradiance Irs(λ) as follows: 
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The absorption coefficient α(λ) for the two materials CIGS and CdS are given by [14] and [15] 
respectively:  
  
2/1
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Where: A and B are constants, E is the photon energy E=hc/λ  and Eg1 and Eg2 are the bandgaps of  
CdS and CIGS respectively. 
2.3. Calculation of the photocurrent density, Jph 
In all three regions, the resolution of the continuity equation combined with Poisson’s equation and the 
current density equation allows calculating the current density in each of these three regions. 
Taking into account the phenomenon of generation rate presented by the rate G(λ,x) given by [16] : 
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And that of the recombination rates presented by Un and Up as follows: 
x For the electrons in the p-neutral region of CIGS : 
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x For the holes in the n-neutral region of CdS : 
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Where, R(λ) is the fraction of the photons reflected from the front surface, n is the electron 
concentration in the p-CIGS layer and p is that of the holes in the n-CdS layer. n0 and p0 are the 
equilibrium electron and hole concentrations, respectively.  τn and τp are the lifetimes for electron and hole 
respectively given by [17]: τn=(σn,.νth,.NDG)-1  ;   τp=(σp.νth.NAG)-1;  νth≈107cm/s is the thermal velocity. 
 
In the first neutral zone N (CdS), the electric field E = 0 and minorities are holes, which according to 
[16]: 
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Where: Ln=(Dn.τn)1/2 and Lp=(Dp.τp)1/2 represent the electron and hole diffusion length respectively. 
In the second neutral zone P (CIGS), the electric field E = 0 and minorities are electrons, so according 
to [16]: 
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In the space charge region, the electric field E Į 0, according to [16]: 
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And therefore the photocurrent density is given by: 
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The total photocurrent density Jph is obtained by integrating the current density Jph(λ) on the whole range 
of the solar spectrum. 
2.4. Solar cell characteristics 
The current-voltage (J-V) characteristic of the cell is given by the following equation [16]: 
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Where: the saturation current density J0 is extrapolated according to Eq. 16. [18] : 
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Where: J00 is a constant which depend to temperature. 
The diode ideality factor Q and J00 are extracted from the reference [6]. 
From the J-V characteristic, we can easily deduce the short-circuit density Jsc, the open circuit voltage 
Vco and the maximum power Pm given respectively by: 
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And hence, the fill factor and the conversion efficiency are deduced by the following equations: 
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For our simulation, we used the Matlab language Version 7.12.0.635 (R2011a). 
2.5. Simulation parameters 
The results of our bibliographic research has inspired us the variation range of parameters, where: wn 
varies from 10 to 100 nm [19], wp varies from 1 to 4μm [19] and Eg2 varies from 1 to 1.7 eV [20].        
The Material and device parameters used in the simulation are shown in the table. 1 [17]. 
Table 1. Material and device parameters used in the simulation for Temperature T=300  
 
 
 
 
 
 
 
 
 
 
 
 
Layer properties CdS CIGS 
Layer thickness w(nm), base parameter 
Affinity, χ (eV) 
50 
4.4 
3000 
4.5 
Relative permittivity, εr 
Electron mobility, μn (cm2/V.s) 
Hole mobility, μP (cm2/V.s) 
Acceptor or Donor concentration (cm-3) 
band gap Energy Eg (eV), base parameter 
Effective density of states, NC (cm-3) 
Effective density of states, NV (cm-3) 
Acceptor or Donor defect density (cm-3) 
Capture cross section σe (cm2) 
Capture cross section σh (cm2) 
 
10 
100 
25 
ND :1017 
2.42 
2.2×1018 
1.8×1019 
NAG :1018 
10-17 
10-12 
13.6 
100 
25 
NA :2×1016 
1.15 
2.2×1018 
1.8×1019 
NDG :1014 
5×10-13 
10-15 
General device properties 
Surface recombination properties, Se (cm.s-1) 
 Surface recombination properties, Sh (cm.s-1) 
Reflectivity, R 
Front 
107 
107 
0.05 
Back 
107 
107 
0 
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3. Results and discussion 
3.1. Effect of CdS buffer layer thickness 
Fig. 3. and Table 2 show the effect of the thickness of the CdS buffer layer on the cell performance   
for : EgCdS = 2.42 eV, EgCIGS = 1.15 eV and wp=3 μm. The thickness of the CdS buffer layer was varied 
from  10 nm to 100 nm in this simulation. When the CdS buffer layer thickness increase, a large number 
of short wavelength photons are absorbed in this layer before reaching the absorber layer. This lead to a 
decrease in the photons which have reached the absorber layer. Moreover, the minority carriers of the 
CdS buffer layer (holes) have a lower mobility compared to that of CIGS absorber layer (electrons), 
Hence the decrease in the cell performance. Also, it is clear in Fig. 3. that wn has no great influence on the 
performance of the cell. Its role is only to create the electric field results of the junction within of space 
charge region. 
Therefore it is preferred that the thickness of the CdS buffer layer is as low as possible, wn = 10 μm. 
This simulation results have a good agreement with the results obtained by the references [19,21]. 
 
 
 
 
 
 
Table 2. Comparative table of the cell performance as  
             Function of the CdS buffer layer thickness 
  wn 
(nm)  
     Jsc 
(mA/cm2)  
Vco 
(V) 
 FF 
(%) 
  η 
(%) 
10  36.4498 0.6949 82.9397 21.01 
30  36.3044 0.6947 82.9376 20.92 
50 
70 
100  
36.1961 
36.0601 
35.8514 
0.6947 
0.6945 
0.6944 
82.9360 
82.9341 
82.9311 
20.85 
20.77 
20.65 
 
 
 
 
 
 
 
3.2. Effect of CIGS absorber layer thickness 
Fig. 4. and Table 3 show the effect of the thickness of the CIGS absorber layer on the cell performance   
for : EgCdS = 2.42 eV, EgCIGS = 1.15 eV and wn=50 nm. The thickness of the CIGS absorber layer was 
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Fig. 3. Cell performances as a function of the CdS buffer layer thickness 
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varied from 1 μm to 4 μm. We note that if wp increases, only the short-circuit current Jsc increases since 
the absorption increases. But, Voc and FF are almost not affected by wp. This allows to increasing the 
efficiency towards a maximum value of about 21%. Consequently, the optimum thickness for CIGS 
absorber layer would be around to 3 μm, a value from which the efficiency has no significant increase. 
The simulation results have a good agreement with the results obtained by the references [19, 21]. 
 
 
 
 
 
 
Table 3. Comparative table of the cell performance as  
       Function of the CIGS absorber layer thickness 
 
  Wp 
(μm)  
     Jsc 
(mA/cm2)  
Vco 
(V) 
 FF 
(%) 
  η 
(%) 
1  32.7545 0.6917 82.8841 18.7786 
2 35.8611 0.6944 82.9312 20.6508 
3 
4 
36.1961 
36.2282 
0.6947 
0.6947 
82.9360 
82.9365 
20.8531 
20.8725 
 
 
 
 
 
 
 
 
 
 
 
3.3. Effect of CIGS absorber bandgap 
 Fig. 5. and Table 4 show the effect of the CIGS absorber bandgap on the cell performance  for :    
EgCdS = 2.42 eV, wn=50 nm and wp=3 μm.  
The bandgap energy of the CuIn1-xGaxSe2 (CIGS) films is varied in the range from 1 to 1.7 eV with 
the corresponding Ga content in the CIGS films from x = 0 to 1 [21]. As the p-CIGS layer is the absorber 
layer called base, increasing the bandgap of this layer reduces the absorption within this layer and 
therefore the short-circuit current decreases. However, the open circuit voltage increases, as it varied 
linearly with the bandgap. The compromise between these two phenomena leads to an optimal bandgap 
value of 1.55 eV giving a conversion efficiency of about 25%. This simulation results have a good 
agreement with the theoretical estimation to achieve the best performance of the typical photovoltaic 
devices with the optimal band-gap energy in the range from 1.4 to 1.5 eV [1, 21]. 
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Fig. 4. Cell performances as a function of the CIGS absorber layer thickness 
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Table 4. Comparative table of the cell performance as  
                 Function of the CIGS absorber bandgap 
EgCIGS 
(eV)  
      Jsc 
(mA/cm2)  
 Vco 
(V) 
 FF 
(%) 
  η 
(%) 
1  39.6531 0.5475 79.7655 17.3185 
1.2  35.0077 0.7436 83.7514 21.8019 
1.4 
1.5 
1.55 
1.7 
1.8 
 2 
30.0097 
27.4655 
24.9722 
22.4671 
20.1179 
15.7455 
0.9388 
1.0360 
1.1331 
1.2298 
1.3265 
1.5190 
86.3082 
87.3190 
88.1507 
88.8624 
89.4989 
90.5000 
24.3154 
24.8469 
24.9431 
24.5536 
23.8833 
21.6448 
 
 
 
 
 
 
 
 
4. Conclusion 
In this work, an analytical model is used to simulate a (CIGS)-based thin film solar cells. From the 
simulation results, it is found that the contribution of the space charge region in the photocurrent density 
is dominant compared to those of the neutral regions. However, the increases of the buffer layer thickness 
only reduce the cell performance. In contrast, the optimum thickness of the absorber layer is around 3 μm 
from which the efficiency has not a significant increase. On the other hand, the increase of the absorber 
bandgap reduces the optical absorption, which is summarized in the reduction of the photocurrent density, 
while the open circuit voltage increases. The compromise between these two phenomena is that a 
bandgap of 1.55 eV is the optimum value to obtain a high efficiency of about 25%. All these optimization 
results give helpful indication for feasible fabrication process. 
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